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INTRODUCTION 
For over a century, entomologists have suggested the use of 
microorganisms for suppressing certain insect pests to below economic 
thresholds. Steinhaus (1960) advanced certain concepts and challenges 
to be met by insect pathologists, several of which are applicable in 
justifying this investigation. The challenge to know more of the role 
of disease in insect life, or the basic nature of the insect diseases, 
is foremost. Secondly we must learn better to use microorganisms for 
suppression of economic pests. More knowledge is needed concerning 
epidemiology of diseases in insect populations. We also need to cor­
relate the general pathology of insect diseases and those occurring in 
man and other animals. 
A search of pertinent literature indicates that much of the re­
search in insect pathology has been oriented toward isolation of 
pathogens and their pathogenicity for certain pests. Of all the 
isolated pathogens. Bacillus thurinqiensis and its varieties appear 
to be among the most promising microbes for biological control. 
According to Heimpel and Angus (1958), this species of bacterium 
belongs to the "Bacillus cereus group." Removal from this group and 
designation as a separate species was justified by the ability of this 
bacterium to produce a parasporal body,"acetylmethylcarbinol, and 
phospholipase C. Heimpel and Angus, in a taxonomic study of the 
"Bacillus cereus group," designated thurinqiensis var. thurinqiensis 
as the type variety of the species. Formation of a pellicle in a 
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nutrient broth culture separates the thurinqiensis variety from the 
other two varieties sotto and alesti. 
The primary purpose of this investigation was to determine his­
tologically the mode of action of B_. thurinqiensis var. thurinqiensis 
-on the European corn borer, Ostrinia nubilalis (HUbner). In addition, 
its effect on larval growth rate and development, and dosage mortality 
levels were studied.' 
Information gained from these experiments should contribute to 
the utilization of B.. thurinqiensis for control of the European corn 
borer and perhaps other Lepidoptera. 
REVIEW OF LITERATURE 
Many authors attribute the initiation of the field of insect 
pathology to Aristotle's notes on diseases occurring in honey bee 
colonies. Steinhaus (1950) believes that its actual debut was in 1825 
with a chapter entitled "Disease of Insects" in an introductory ento­
mology book by Kirby and Spence. Several years later, in 1834, Agostino 
Bassi was able to demonstrate that a microorganism, Beauveria bassiana, 
was the cause of a disease in silkworms. Bassi, in his writings, sug­
gested the possibility of using microbial life to destroy harmful insect 
pests. Other prominent forefathers of insect pathology (Steinhaus, 1960) 
are Pasteur (1865-1870)., Le Conte (1873), iïletchnikoff (1879), and White 
(1908-1920). The findings of these investigators no doubt stimulated 
the interest and thought of present day insect pathologists. 
lYlicrobiota associated with insect diseases belong to four major 
groups: Protozoa, fungi, viruses, and bacteria. Since this investiga­
tion was to determine the mode of action of a bacterium, namely B_. 
thurinqiensis Berliner, on the European corn borer, the review of 
literature will be largely limited to this organism. Brindley and 
Dicke (1963) reviewed the pertinent literature on 0_. nubilalis research. 
Historical Aspects of Bacillus thurinqiensis 
Part of the following historical account was taken from a paper 
by Steinhaus (1950). In 1909, a bacterial disease occurring in larvae 
of the Mediterranean flour moth, Anapasta kUhniella (Zeller) was observed 
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by Berliner in a flour mill in Thuringia, a town in central Germany. 
He isolated the bacterium and named it B_. thurinqiensis. The organism 
was highly virulent for the flour moth larvae. Berliner noted that 
during sporulation the remains of vegetative cells assumed a peculiar 
rhomboid shape. Little or no further research was done with this 
organism for nearly a decade. In 1927, a German scientist. Otto Mattes, 
again isolated B_. thurinqiensis from the same host. He also observed 
the rhomboid shaped body which he called a "Rest-korper". At this time 
neither Berliner nor Mattes attributed to this body a role in the 
disease. 
In the late 1920's and the 1930's optimistic and adventurous ento­
mologists in Europe began using this organism to control various insect • 
pests, including the European corn borer, with promising results. Vari- -
ous investigators, Husz (1928, 1929, 1930, 1931), Metalnikov and Chorine 
(1929 a, b), and Metalnikov et al. (1930) utilized B_. thurinqiensis as 
a biological control agent in field experiments to eradicate the European 
corn borer. According to Heimpel and Angus (1953), this bacterium was 
simultaneously being tested by other European scientists as a controlling 
agent for other lepidopterous pests. Steinhaus (1950) stated that World 
War II inhibited further research on this organism in Europe and it prob­
ably would have been cast aside if an American bacteriologist, J. R. Porter, 
had not obtained a culture from Mattes in 1935. Porter donated a sample 
culture to l\l. R. Smith, who was making a taxonomic study of the genus 
Bacillus. Smith in 1942 gave a sample culture to Steinhaus and Thompson, 
who stored it until 1949. The latter were attempting to utilize a 
polyhedral virus to control the alfalfa caterpillar, Colias philodice 
eurytheme Bdv. They ran trial experiments with a culture of _B. 
thurinqiensis isolated in 1927 and kept irr vitro for 22 years. The 
results were very encouraging in both laboratory and field experiments. 
Their findings stimulated interest among insect pathologists in both 
old and new world countries, and there is a rapidly growing list of 
publications on the use of B_. thurinqiensis against various insect pests. 
Mode qf Acticn of Crystalliferqus Bacteria 
Krieg (1961) lists approximately 100 insect species which are 
susceptible to B_. thurinqiensis varieties. Heimpel and Angus (1963) 
believe that most lepidqpterqus larvae are susceptible to one or more 
varieties of this pathogen. They indicate that susceptibility varies 
among insect species and that the response of a particular species is 
further modified by such factors as age, vigor, and concurrent infec­
tions with other microorganisms. Additional variability is introduced 
by environmental factcrs such as temperature, humidity, and food source. 
Application methods of the pathogen to the host can also introduce 
variability. Other factors affecting pathcgenicity of the bacterium 
include varietal differences, cultural conditions, age of the culture, 
spore to crystal ratio, and method of pathogen preparation. Heimpel and 
Angus (1963) indicated that the mode of action of B_. thurinqiensis has 
been studied in detail in a relatively few species and any generaliza­
tions based on such limited experience will inevitably require modifica­
tion. 
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Heimpel and Angus (1959) suggested the arrangement of insect 
species susceptible to B_. thurinqiensis into three main categories. 
The first group comprises a limited number of lepidopterous larvae 
having a very high pH in 'the midgut. This group exhibits a rapid 
general paralysis following an increase of 1.0 to 1.5 pH units in the 
blood after infection with B_. thurinqiensis. The host becomes inactive 
and lacks response to tactile stimuli. Most insect? in this group also 
suffer a gut paralysis which is often masked by the general paralysis. 
The gut paralysis is accompanied by a decrease in gut pH, allowing spore 
germination, vegetative multiplication and death from septicemia. In 
Bombyx mori, Heimpel and Angus (1960) postulated that the change in 
hemolymph pH occurred because the crystal protein acts on the epithelium 
of the midgut, altering its permeability so that equilibration occurs 
between the highly buffered midgut contents (pH 10.2 to 10.5) and the 
poorly buffered blood (pH 5.8). These investigators were able to induce 
a general paralysis indistinguishable from that caused by ingestion of 
crystals by injecting sterile nontoxic buffers into the hemolymph. 
The second group of Lepidoptera (Heimpel and Angus, 1959) is char­
acterized by only a gut paralysis which occurs a few minutes after inges­
tion of the toxic crystals and feeding ceases. There is no increase in 
blood alkalinity but a slow decrease in gut pH occurs which allows 
germination of spores and rapid growth of vegetative forms. Death usu­
ally results from septicemia. It would appear from the results reported 
by Raun gt al. (in press) that the European corn borer belongs in this 
category. They noted a drop in pH of the midgut contents but no 
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detectable change in hamolymph pH when B_. thurinqiensis was fed to 0_. 
nubilalis. Gut contents of normal larvae, injected into the hemolymph 
of other normal corn borers, caused a paralysis and mortality. This 
information, indicates that a rupture of the midgut wall would cause 
mortality. 
In the third group, characteristic of A.» kuhniella, neither gut ncr 
general paralysis occurs, and death results from septicemia. 
Heimpel and Angus (1963) also refer to work described by Martouret 
and Grison who postulate a fourth group -of insects that demonstrate 
another type of reaction when fed spore and crystal preparations. The 
latter workers stated that some insects are not susceptible to the toxic 
crystal but respond to a toxic thermostable substance which apparently 
is released from the cell at the time of sporulation. Burgerjon and 
de Barjac (1950) theorized that the crystal toxin and the soluble thermo­
stable toxin act synergistically to kill many insects. 
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MATERIALS AND METHODS 
Rearing of Larvae 
To obtain newly natched larvae, approximately 10 black-headed 
egg masses were placed in a screw-capped jar. These egg masses, when 
incubated at 27°C and 75 per cent relative humidity, hatch within 24 
hours. Hourly examinations enabled me to establish, within 1 hour, the 
age of the corn borer larvae. 
A camel's hair brush was used to transfer the newly hatched larvae 
from the screw-capped jar to a 2 dram cotton-stoppered vial containing 
a 3/4 inch plug of standard corn borer diet (Guthrie et al., 1955). 
The vials containing larvae were then incubated at 27°C and 75 per cent 
relative humidity. 
The commercial preparation of B_. thurinqiensis used in this investi 
gation contained 2 X 10^^ viable spores per gram of powder, determined 
by a standard bacteriological plate count (Pelczar and Reid, 1958). 
Microscopic observations indicated that an equal number of parasporal 
bodies were also present. Three different spore dosages, 50, 100, and 
150 million spores per c.c. of diet, were used to induce infections. 
The standard diet formulation (Guthrie et al., 1955) was followed excpet 
for the elimination of sorbic acid which functions as a microbial in­
hibitor. (standard corn borer diet contains 0.5% sorbic acid. When 
this concentration of acid was included in nutrient agar plates, _B. 
thurinqiensis spores failed to germinate readily and no visible growth 
was observed within 48 hours.) All diets were autoclaved for 20 minutes 
The spore powder was suspended in 5 milliliters of sterile distilled 
water and added to the autoclaued diet when it had cooled to 40-45° C. 
The diet was blended for 1 minute and immediately poured into sterile 
10 centimeter, petri dishes and refrigerated at 4° C until used. Plugs 
of the respective diets were cut using a 7 mm (inside diameter) glass 
tube and placed in sterile cotton-stoppered vials. During the 13 day 
period of larval development, groups of corn borer larvae were trans­
ferred daily from the standard diet to the diet containing spores for 
inducing an infection. Incubators were set at 27° C for rearing the 
control and treated larvae. 
Fixation of Larvae 
Larvae from each treatment were examined for mortality every 12 
hours the first 3 days after they were placed on treated diet. Ten 
living larvae were randomly chosen and fixed for 15 minutes in hot 
(58 t 1° C) alcoholic Bouins fixative (Davenport, 1950). The temperature 
increased the permeability of the cuticle, facilitating fixative penetra­
tion into the larvae. Following the 15 minute heat treatment, jars con­
taining the fixative and larvae were removed from the water bath and 
allowed to stand at room temperature for 24 hours to complete fixation. 
After fixation, larvae were placed in 70 per cent ethyl alcohol and re­
frigerated. Dead larvae in each of the respective treatments were 
labeled and handled in a similar manner. Untreated larvae were fixed at 
24 hour intervals for comparison purposes. 
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Dehydration and Infiltration 
The following dehydration process was followed for all groups of 
larvae; 
1. 70 per cent ethanol - indefinite length of time (Larvae, 6 days 
or older, were decapitated and the last abdominal segment re­
moved before the dehydration process was initiated to enhance 
the penetration rate.) 
2. 85 per cent ethanol - 15 minutes 
3. 85 per cent ethanol - 10 minutes 
4. 95 per cent ethanol - 30 minutes 
5. 100 per cent ethanol - 10 minutes 
6. 100 per cent ethanol - 10 minutes 
7. 100 per cent ethanol - 10 minutes 
8. Methyl benzoate - 2 to 5 hours (Larvae in this first methyl 
benzoate bath were subjected to vacuum [5 - 10 mm of mercury] 
to remove air trapped in the tracheal system or hemocoel. This 
process also enhanced penetration of the methyl benzoate into 
the tissue. Complete dehydration of the larvae was indicated 
by the sinking of the specimens in this solution.) 
9. Methyl benzoate II - 3 to 6 hours 
10. Methyl benzoate III - 3 to 6 hours 
11. Methyl benzoate; benzene, 3;1-- 15 minutes 
12. Methyl benzoate; benzene, 1:1 - 10 minutes 
13. Methyl benzoate: benzene, 1:3 - 5 minutes 
14. Benzene 1-5 minutes 
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15. Benzene II - 5 minutes 
16. Benzene III - 5 minutes 
17. Benzene: tissuemat, 1:1 - 30' minutes to 1 hour at 58 ± 1° C. 
1 18. Tissuemat I - 6 to 24 hours 
19. Tissuemat II - 6 to 24 hours 
20. Tissuemat III - 6 to 24 hours 
21. Embed 
Tissuemat , obtained from Fisher Scientific Company, with a melting 
point of 55.5° C was used for infiltration and embedding. During the 
embedding process, larvae were orientated within the tissuemat to 
facilitate cutting saggital sections. 
The dehydration process, especially the methyl benzoate baths and 
the prolonged infiltration intervals in the paraffin ovens, tended to 
harden the tissue making sectioning nearly impossible. Therefore, after 
embedding, the tissuemat blocks were soaked in the following mixture: 
54 c.c. of 95 per cent ethanol 
35 c.c. of distilled water 
10 c.c. of glycerol 
Blocks immersed in this solution for 48 hours or longer sectioned very 
well. Immersion of the blocks for periods longer than 72 hours did not 
appear to increase the ease of tissue sectioning but no detrimental 
effects were observed. 
Sections were cut approximately 8 u thick and stored at 4° C until 
^After several trial experiments, it was evident that tissues of 
older larvae had not been completely penetrated by the tissuemat. Older 
larvae, 5 to 13 days old, were left in each tissuemat bath for from 24 
hours to several days. 
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utilized. They were then mounted on slides which had been cleaned in 
95 per cent ethanol and albuminized with Mayers albumin at least 24 hours 
previously. A drying table, set at 45° C, was used to flatten the sec-
o 
tions. Before staining, the slides were dried for 48 hours» at 37 C. 
A modified Goodpasture's stain (Mallory, 1938), which is specific 
for bacteria in tissue, was used to stain the tissues. An Autotechnicon, 
Model 2A, transferred the specimens through the staining procedure as 
follows: 
1. Xylene 1-5 minutes 
2. Xylene II - 3 minutes 
3. Absolute.ethanol - 2 minutes 
4. 95 % ethanol - 2 minutes 
5. 70 % ethanol - 2 minutes 
6. 5 0  %  ethanol - 2 minutes 
7. Distilled water - 2 minutes 
8. Goodpasture's stain - 8 minutes 
9. Distilled water - 2 minutes 
2 10. Formalin - full strength - 1^ minutes 
11. Distilled water - 2 minutes 
12. Picric acid soin. - 3 minutes 
13. Distilled water - 2 minutes 
14. 95 % ethanol - 2 quick dips 
15. Distilled water - 2 minutes 
2 
This addition is not included in Mcllory's original procedure 
but was reported by Bamrick (1960). 
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15. Crystal violet - 4 minutes 
17. Distilled water - 2 minutes 
18. Grams Iodine soin. - 2 minutes 
19. Blot but leave moist 
20. Aniline/xylene I - 1§ minutes 
21. Aniline/xylene II - l-^- minutes 
22. Aniline/xylene III - 1§ minutes 
23. Xylene 1-2 minutes 
24. Xylene II - 2 minutes 
25. Mount - Teohnicon mounting medium 
After mounting, the slides were placed on a slide drying table for 5 to 
12 hours to remove trapped air bubbles. 
Separation of the Spore and Crystal 
After histological examination of specimens of European corn borer 
larvae infected with both spores and crystals of B_. thurinqiensis, it 
was apparent that a separation of the parasporal body and the spore of 
the commercial preparation was necessary to establish what effect each 
component expressed upon the host. Several techniques have been employed 
by various investigators (Vankova, 1957), (Angus, 1959), (Hannay and 
Fitz-James, 1955). Of these, the alkaline extraction procedure reported 
by Hannay and Fitz-James was used. One hundred and fifty milligrams of 
the commercial B_. thurinpiensis powder was dispersed in 10.0 milliliters 
of sterile distilled water. The pH, measured by a Beckman zeromatic II 
pH meter, was adjusted to 12.0 with 1 l\l NaOH. Hannay and Fitz-James 
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indicated that all of the crystalline protein would be dissolved at this 
pH, leaving the spores well intact. Fitz-James et al. (1958) indicated 
that this treatment did not grossly affect the toxicity of the crystals 
when tested on mori larvae. The supernatant containing the dissolved 
crystal was decanted and refrigerated after centrifugation with a Serval 
angle head centrifuge at 5000 RPIYl. The spores remaining were washed in 
an alkaline solution (pH of 12.0) to remove any remaining crystal protein. 
Two additional washes with sterile distilled water were included. Wo 
intact crystals could then be seen when a spore suspension was examined 
using a phase-contrast microscope. Bacteriological plate counts con­
firmed that spore viability had been retained and no appreciable number 
of spores were lost during the separation procedure. 
For purification of the crystalline component, 1 l\l HCl was added 
drop-wise to the alkaline supernatant until a pH of 7.0 was reached. A 
floculant precipitate formed which was centrifuged, the supernatant de­
canted, and the precipitate re-suspended using an alkaline solution of 
pH 12.0. This solution was centrifuged to remove any remaining spores 
and decanted. The pH of this supernatant was lowered to 7.0 which caused 
the dissolved protein to again precipitate. The precipitate was sub­
jected to two washings with sterile distilled water. Examination with 
a phase-contrast microscope indicated that spore removal was complete. 
This extract and the alkaline washed spores were separately added to 
200 grams of standard corn borer diets. 
McConnell and Richards (1959), Burgerjon and Barjac (1950), and 
others reported a thermo-stable exotoxin produced by cultures of 
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B_. thurinqiensis which affects the development of various hosts and, if 
administered in adequate quantities by intrahemocoelic injections, can 
be lethal. To determine if such an exotoxin, if present in the diet, 
can affect the mortality or growth rate and development of the European 
corn borer, a brain-heart infusion broth culture was grown for 48 hours 
at 33° C with continuous aeration. The vegetative forms and non-germinated 
spores were then removed by centrifugation. The remaining supernant was 
autoclaved for 20 minutes. Twenty milliliters of this solution were 
added to 200 grams of standard corn borer diet. In addition to the three 
previously described diets, a control diet and one containing 150 million 
spores plus 150 million crystals per c.c. of diet were also prepared. 
Larvae, randomly selected and weighed, were placed in numbered vials 
that contained approximately 1 c.c. of these respective diets. To 
determine the effect of the various agents on growth rate and development 
50 larvae were used in each treatment. Additional larvae were fed these 
same diets for histological examination. These larvae were prepared 
for histological examination in the same manner as those previously 
described. 
Incubator conditions were 27° C and 75 per cent relative humidity. 
Daily checks were made of larvae in each treatment. Since the diet did 
not contain a microbial inhibitor, any plugs which exhibited mold con­
tamination were immediately eliminated. Larval weights were taken 3 and 
6 days after inoculation. Pupation and emergence records were also 
kept. 
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Dosage Mortality Studies 
Establishment of dosage-mortality curves for first, third, and 
fifth instar larvae was accomplished by using four different spore 
inoculation levels. Diets were prepared to contain 50, 100, 150, and 
200 million spores and an equal number of paraspores per c.c. Plugs 
of these diets (approximately 1 c.c.) were given to larvae that were 
newly hatched, 5 days, and 10 days old, respectively. Two hundred 
larvae were used in each treatment. Incubation conditions were identical 
to other experiments described. Daily observations were made to record 
mortality rates. 
Electron Microscopy Studies 
After the examination of tissues prepared for light microscopy, an 
attempt was made, with the aid of the electron microscope, to observe 
some of the ultra-structural changes occurring within the midgut 
epithelial cells due to the presence of B_. thurinqiensis. 
Seven day-old European corn borer larvae were fed a diet containing 
150 million viable spores of B_. thurinqiensis per c.c. Twenty-four 
hours after inoculation, the larvae that had not yet succumbed to the 
disease were dissected while in a glutaraldehyde fixative (Sabatini 
et al., 1963). During dissection the midgut was removed and divided 
into smaller segments while in the fixative and then stored at 4° C 
for 24 hours for completion of fixation. Midgut tissue, from larvae 
•that were not infected with B_. thurinqiensis, was treated in a similar 
manner for comparison purposes. 
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After the 24 hour fixation period, tissues were transferred to a 
0.2 M sucrose solution (phosphate buffered pH 7.5) with several washings. 
Prior to dehydration and infiltration, post-fixation was accomplished by 
suspending the tissues in 0.2 iïl sucrose and OsO^ vapors for 30 minutes. 
Following this treatment, tissues were again washed in 0.2 M sucrose. 
The dehydration and infiltration procedure utilized is as follows: 
1. 50 per cent ethanol - 10 minutes 
2. 70 per cent ethanol - 10 minutes 
3. 95 per cent ethanol - 15 minutes 
'4. Absolute ethanol - 15 minutes 
5. Absolute ethanol - 15 minutes 
5. Absolute ethanol/Methacrylate: 50/50 - 1 hour 
7. Methacrylate mixture I under vacuum - 1 hour 
8. Methacrylate mixture II - 4 hours at 37° C 
9. Methacrylate mixture II - 12 hours at 45° C 
10. Methacrylate mixture II - 6 hours at 60° C 
The embedding processes seven through 10 were carried out in 
gelatin capsules. After polymerization, the gelatin capsules were 
removed from the block by soaking in distilled water at 4° C. Prior to 
sectioning, the plastic blocks were trimmed with a razor blade to form 
a pyramidal structure containing only one layer of epithelial cells. 
Sectioning was accomplished using glass knives in a Porter Blum ultra-
microtome. Cray to silver sections were placed on formvar coated grids. 
Both potassium permanganate (Lawn, 1960) and uranyl acetate (Huxley and 
Zubay, 1961) were used for staining the sections. These procedures, as 
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well as other components used in this phase of the investigation, are 
listed in the appendix. 
Two electron microscopes, an RCA EMU-2 and RCA EMU-3, located in 
the Microscopy Laboratory of the Department of Biochemistry and Biophysics 
at Iowa State University of Science and Technology, were used for examina­
tion of the selected tissues. Pictures were taken, developed, and 
printed by the author with facilities of this laboratory. 
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RESULTS AND DISCUSSION 
Histological sections of corn borer larvae, which were prepared as 
described in the previous section of this dissertation, were individually 
examined to determine the" pathological effects of B_. thurinqiensis on 
the European corn borer. 
Considerable variation was observed in the rate of infection 
throughout this investigation. It was apparent that definite time 
limits on the progression of the disease could not be stressed following 
treatment. In some situations, little or no evidence of infection or 
cytological changes were observed up to 72 hours after the larvae were 
placed on a diet containing the commercial spore preparation. In addi­
tion, a" vast difference in the degree of infection was noted in larvae 
that were simultaneously placed on identical diets. 
Surges* stated that during development feeding rates of some 
lepidopterous larvae are low just, prior to, during, and immediately 
following a moult. Variation in degree of infection could be attributed 
to this phenomenon. A larva, just prior to moulting, placed on a diet 
containing spores possibly would ingest a small quantity of food con­
taining a sublethal dose of B_. thurinqiensis. If the larva was in the 
moulting process, the pathogen would induce a slight gut paralysis which 
would inhibit further feeding for several days but not cause mortality. 
On the other hand, an insect that had just completed a moult would be 
*Burges, H. D., Pest Infestion Laboratory, Agricultural Research 
Council, Slough, Bucks, England. Private communication. 1955. 
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ready for an active feeding period and could ingest a much larger quan­
tity of the inoculated diet before gut paralysis would, occur. In this 
case, providing the spore dosage was high enough, the larva would succumb 
to the disease. -
Histological examination of all ages of corn borer larvae indicated 
that the mode of action was identical throughout larval development. 
Newly hatched larvae appeared to be the most homogenous with respect 
to rate and degree of infection. In older age groups, it appeared that 
more individuals were not affected by the presence of the pathogen. Corn 
borer larvae fed low concentrations of spores (5 million per c.c. of diet) 
gave a low mortality with only a few individuals becoming infected. 
Serial dilution of the artificial diet indicated homogenous dispersal of 
the spores indicating that clumping or uneven distribution of the spores 
in the diet was not responsible for the uneven infection rate. From 
this information, one cannot conclude that a resistance factor is 
responsible for this phenomenon but the possibility does exist. A 
factor which could be responsible for the variations in susceptibility 
of larvae in a population of European corn borers is midgut pH varia­
bility. Benz (1953) indicated that for certain insects to be susceptible 
to B. thurinqiensis, the pH of the midgut must be high enough for diges­
tion of the parasporal body. Insect larvae having midgut hydrogen-ion 
concentrations near seven are much less susceptible. Raun e^ al. (in 
press) reported that the highest midgut pH of laboratory reared fifth 
instar corn borer larvae was 8.22 with an average of 8.00. Thus varia­
tion in hydrogen ion concentration does exist in the corn borer and 
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could contribute to the rate and degree of individual host infection. 
One of the first histological changes detectable with the light 
microscope was a general separation of the midgut epithelial cells from 
each other and the basement membrane. Some cells were sloughed into 
the lumen of the alimentary tract. Sloughing of midgut cells due to the 
action of a pathogen has been reported by Heimpel and Angus (1959), 
Hoopingarner and'IYIateru (1964), and others. Steinhaus (1949) also re­
ported this response from chemical as well as microbial agents ingested 
by insects. 
Since sloughed cells were noted in European corn borer tissues 
preserved prior to germination of B_. thurinqiensis spores, it appeared 
that this phenomenon was caused by the parasporal body. The composition 
of this rhomboidal structure is not clearly defined, however Angus (1956) 
lists 17 amino acids that were isolated from the crystalline inclusion 
of jB. thurinqiensis var. sotto. By sampling B_. mori tissues early in l^e 
disease cycle, Heimpel and Angus (1959) noted a general loosening of the 
midgut cells from one another and from the basement membrane. I obtained 
similar results in the European corn borer, shown in Figures 1, 2, and 3. 
The epithelial cells are being sloughed into the midgut lumen. Cell 
membranes appear intact and the cell nuclei normal as compared with 
Figure 28. The separation of the epithelial cells from each other and 
the basement membrane is particularly evident in Figure 2. The sloughed 
cells tend to adhere to each other after being released into the lumen 
(Figures 1 and 3). Apparently the component responsible for dissolu­
tion of the cell-cementing substances had not completely disengaged 
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these cells. 
• Heimpel and Angus (1959) reported that B_. mori larvae developed a 
paralysis in the anterior portion of the midgut following ingestion of 
crystalline bodies. They reported that the longitudinal and circular 
muscles became relaxed and ceased to continue the normal peristaltic 
movements, due to the paralysis. In the European corn borer, a some­
what different reaction occurred. Instead of relaxing, these muscles 
contracted (Figure 4) giving the midgut a wrinkled and constricted 
appearance. This micrograph also shows that the epithelial cells are 
separating from each other and the basement membrane. In areas which 
are not constricted, the epithelial cells appear intact. Figure 4 also 
indicates that the causative agent acted upon a specific midgut region 
in contrast to Figures 1, 2, and 3 where a much larger region appears 
affected. Heimpel and Angus (1959) found that all B_. mori midgut 
epithelium is susceptible to the action of the toxin. In general, the 
anterior portion of the midgut, which is first contacted by the toxin, 
is the first to be affected. 
The micrograph in Figure 5 is typical of larvae that had been fed 
a diet containing the alkaline-extracted toxin (parasporal body). Note 
the sloughed epithelial cells similar to those in Figure 4, lending sup­
port to the theory that the crystalline protein is responsible for this 
reaction. Figure 5 is a photomicrograph of the paralytic effect caused 
by the extracted crystal. These findings, and reports of other investi­
gators, show that the crystal component of _B. thuringiensis is responsible 
for acting upon the cell-cementing substances of the midgut epithelium 
and inducing the midgut paralysis. The general- appearance of the 
sloughed cells in Figures 3 and 6 indicate that the crystalline body 
is not directly responsible for any gross cytological changes. 
I 
The sloughed cells in Figures 8, 9, and 10 differ from those in 
some of the previous figures. These cells, possibly in later stages of 
the disease, appear to be undergoing lysis and vacuolization. Some 
cells that are still intact contain the pyknotic nuclei characteristic 
of advanced stages of disease described by Steinhaus (1949) and Jaeckel 
(1930). 
Figure 7 is a photomicrograph of a larva that was infected with 
only spores of B_. thurinqiensis after the crystalline paraspore was 
removed by alkaline extraction. Scattered bacteria, observed within 
the lumen, indicate that germination in the gut has occurred without 
the presence of the crystal. The biggest contrast between this figure 
and Figure 5 is the continuity of the epithelial cells. There is no 
sloughing or release of the epithelium from the basement membrane. In 
addition, a high degree of vacuolization of the epithelial cells is 
present. Further discussion on cell vacuolization is included with 
interpretation of the electron micrographs. 
Variation was observed in the rate of germination and vegetative 
reproduction of B_. thurinpiensis within the midgut. When the vegetative 
stage of the bacterium was present, the peritrophic membrane appeared to 
be the most important in limiting the progression of the disease. 
Figures 11 and 12 show various populations of the vegetative rods con­
tained within this membrane. On several occasions, the peritrophic 
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membrane had a definite "moth-eaten" appearance with scattered bacteria 
free between this membrane and the epithelial cells. Enzymatic activity 
of the vegetative rods apparently enabled the penetration of this struc­
ture. Figure 11 shows the bacteria apparently attacking the epithelial 
cell layer; Note the sloughed cells within the remnants of the peri-
trophic membrane. The larva in Figure 12 contains a very dense popula­
tion of bacteria within the peritrophic membrane but none had been able 
to escape into the space between it and the epithelial layer. 
Wigglesworth (1953) indicated that the peritrophic membrane forms 
in some insects by the fusion of successive lamellae secreted by the 
epithelial cell wall. It is apparent from Figures 13 and 14 that the 
peritrophic membrane in nubilalis is formed in this manner. As the 
cells are sloughed into the lumen, they are encased by these lamellae. 
The continued formation of the peritrophic membrane certainly could 
retard the progression of the disease. 
Figures 13 and 14 show sloughed cells that are encased by the peri­
trophic membrane undergoing autolysis. None of these cells are visible 
in the hindgut, which indicates that complete autolysis occurs within 
the midgut, or paralysis has stopped movement of gut contents along 
the alimentary tract. 
The epithelial layer of the larval midgut in Figure 15 is being 
attacked at several locations. The attack appears localized. Bucher 
(1959) reported that death in grasshoppers often resulted when weakened 
areas of the midgut were attacked by a pathogenic form of bacterium. 
He found that the midgut becomes vulnerable to attack by microorganisms 
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while moulting. Injuries to the midgut could also result due to inges­
tion of abrasive materials, increasing the probability of a bacterial 
infection. Figure 16 may show the result of an injury to the midgut. 
The point of attack is very localized. Bacteria have established an 
opening through the midgut cells and are being retained by the basement 
membrane. The general appearance of the epithelial cells around this 
area indicates that the attack is localized. The cellular components 
appear nearly normal with only a slight degree of vacuolization. The 
nuclei near the basement membrane, however, are pyknotic. 
The most typical reaction of European corn borer larvae to infec­
tion by B_. thurinqiensis is shown in Figures 17 and 18. Heimpel and 
Angus (1959) reported that the primary site of the action of the crystal 
protein is the anterior midgut region. Figure 17 supports their con­
tention. This photomicrograph indicates that the disease began in the 
anterior portion of the midgut, just behind the proventricular valve, and 
moved posteriad. The epithelial cells have been completely eroded leav­
ing the basement membrane vulnerable to attack by the vegetative rods. 
The enlarged portion of this region (Figure 18) shows the vegetative 
rods densely aligned along the basement membrane. Remnants of the 
epithelial cells are within the gut lumen and autolysis is occurring. 
The cell membranes are not distinct and the nuclei are pyknotic. The 
posterior portion of the midgut epithelium in Figure 17 remains quite 
normal. No bacteria were present in other tissues within the hemocoel 
and no cytological effects could be detected. 
Approximately 1500 corn borer larvae were histologically examined 
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following treatment with B_. thurinqiensis. Larvae were examined in all 
stages of disease. Vegetative rods were never found in the hemolymph 
of larvae still living prior to fixation. The hemolymph of larvae that 
had just succumbed to the disease was usually packed with vegetative forms 
(Figures 20 and 21). The host's death appeared a result of the enzymatic 
activity of the vegetative form of the pathogen rupturing the basement 
membrane. Apparently the mixing of the gut contents with the hemolymph 
will cause mortality. This theory is supported by Raun et al. (in press) 
who were able to cause mortality in the corn borer by intrahemocoelic 
injections with gut contents from normal larvae. 
Figure 17 also shows portions of the fore- and hindgut. Vegetative 
forms were frequently observed in both areas but particularly in the 
hindgut. These areas, in all tissues examined, never appeared abnormal 
from any of the components of B_. thurinqiensis. Apparently the ecto­
dermal derivation of these cuticular-lined structures provides immunity 
to bacterial invasion (Steinhaus, 1949). 
One phenomenon observed during this investigation which may be of 
pathological significance is the extrusion of cytoplasmic globules by 
the midgut epithelial cells. This phenomenon was observed in studies 
with both the light and electron microscope. This situation, seldom seen 
in normal tissues, was very common in columnar cells of diseased larvae. 
lAligglesworth (1953) discusses a similar situation in various other in­
sects. He postulates that the extrusion of these globules is a natu­
rally occurring merocrine secretory process. Khan (1962) reported 
that cytoplasmic extrusion from midgut epithelial cells in Dysdercus 
Fasciatus increased as a result of starvation. The increase first oc­
curred in the anterior portion of the midgut and then progressed along 
its"length. Khan stated that the arrival of food restored the normal 
appearance of the epithelium. Day and Powning (1949) gave rather con­
clusive evidence that the cytoplasmic globules they observed in Blatella 
qermanica were more likely signs of cell breakdown than of secretory 
activity. Figure 22 is a light micrograph of this globular cytoplasmic 
extrusion observed in diseased corn borer epithelium. The electron 
micrographs in Figures 23 and 24, which appear to be of identical 
phenomena, indicate that the extruded globule consists of cytoplasm. 
The significance of the observation in the pathology of B_. thurinqiensis 
on the European corn borer is not understood at this time. 
Evidence of regeneration was observed in one larva. Figures 25 and 
26 are photomicrographs taken of different serial sections showing this 
protective mechanism. The structure appeared to be a cap of cells de­
posited over the focal point of the bacterial attack on the epithelial 
layer. The bacteria had ruptured the basement membrane but were con­
fined within the layer of deposited cells. Examination of this anomally 
failed to indicate the type or source of the deposited cells. Bucher 
(1959) reported a similar phenomenon with bacterial infections in grass­
hoppers, where the rupture was repaired by deposition of blood cells. 
He also reported the formation of giant cells around particles, including 
clumps of bacteria, that had entered the hemocoel. 
Figures 27, 28, 29, and 30 are micrographs of normal larvae for 
comparison with micrographs of diseased tissues. 
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To observe the ultra-structural changes in diseased corn borer 
midgut cells, 8-day-old larvae that had been on a thurinqiensis 
spore inoculated diet for 24 hours were studied. The results obtained 
were quite consistent with the light micrographs and contributed to 
their interpretation. 
Only gross cytological differences can be discussed because most of 
the electron micrographs were of low magnification. Figures 31, 32, 33, 
and 34 are a series of photographs indicating the structures of normal 
European corn borer midgut epithelium. The striated border, evident in 
Figure 27, appears in Figure 28 as a row of microvilli which line the 
inner edge .of the epithelial cells. The precise function of these 
structures is not known. DeRobertis e;t al. (1965) stated that the micro­
villi appearing in epithelial cells of Ambystoma merely enhanced the 
absorption rate. This may also be true of the corn borer. 
The normal midgut cells of 0_. nubilalis larvae contain a generally 
dense cytoplasm. The lipid-like inclusions evident in Figures 31 and 
32 are absent in the diseased cells. Similar bodies were seen in the 
midgut lumen of both diseased and healthy individuals. Apparently, the 
midgut epithelium of diseased larvae was not able to absorb and store 
these constituents. 
Structures which may be endoplasmic reticulum can be detected in 
the normal cells (Figures 31 and 33) but not in those of diseased 
tissues (Figures 37 and 38). 
Possibly the greatest difference noted with the aid of the electron 
microscope was the breakdown of microvilli in the goblet cells of 
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diseased larvae. These cells in a normal condition are densely lined 
with microvilli (Figures 32, 33, and 34). In contrast, the goblet 
cells of diseased larvae are nearly stripped of these structures giving 
them a vacuolized appearance (Figures 35, 36, 37, and 38). The vacuoli­
zation of the epithelium visible in the light micrographs (Figures 7 
and 12) is probably due to this phenomenon. This phenomenon was noted 
in larval tissues in latter stages of the disease in the presence of 
vegetative rods and also with larvae fed the spore inoculated diet. 
Apparently enzymatic activities of the vegetative rods are responsible 
for the disintegration of microvilli in the goblet cells. 
Machida (1933) reported that goblet cells are secretory in function. 
Waterhouse (1952) postulated that the function of the goblet cells may 
be for storage and excretion rather than for production and accumulation 
of digestive secretions. According to House (1955) "goblet cells" in 
the stomach and large intestine of vertebrates are essentially producers 
of mucus. Day (1949) failed to detect mucus in the mid- and hindguts of 
all insects tested and concluded that none of the functions suggested 
for goblet cells in insects seemed satisfactory. 
The electron micrographs of goblet- cells in corn borer epithelium 
tend to support Machida's secretion theory. No inclusions typical of a 
storage function could be observed. Possibly the disruption of these-
cells inhibits^the secretion.of essential digestive enzymes and prohibits 
the host from absorbing and metabolizing ingested food. Feeding tests 
indicated that larvae reared on the spore treated diet failed to develop 
at the normal rate. The insect resumed normal development almost 
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immediately after the host was placed on a spore-free diet. These re­
sults indicate that regeneration of the goblet cells is rapid. H5sto-
chemical studies of the midgut tissues must be carried out before 
definite conclusions can be reached. 
lAligglesuuorth (1953) reported that among the cylindrical epithelial 
cells there may occur a smaller number of goblet cells, in which the 
cytoplasm is reduced and the cell surface with its striated border is 
invaginated to form a deep cavity. In other words, he believes the 
brush border and the filaments in the goblet cells to be homologous. 
Micrographs taken of corn borer tissues show that the microvilli on the 
surface of the epithelium and those of the goblet cells are of different 
structure and function. It is evident in Figures 35, 36, 37, and 38 that 
the microvilli on the surface (inner edge) of the epithelium remain nor­
mal while those within the goblet cells are disrupted. Further, the 
villi in the goblet cells arise from a basement membrane-like structure 
while those of the brush border are protrusions of the epithelial or 
columnar cells and are enclosed within the plasma membrane. 
The sequence of ultra-structural changes that occur following 
infection by B_. thurinqiensis must await a more intensive study with 
the electron microscope. 
The histological phase of this investigation indicated various 
effects of B_. thurinqiensis on the midgut tissues of corn borer larvae. 
Effects of the organism on larval growth, pupation, and moth emergence 
were also studied. Figure 39 summarizes the effects of the isolated 
bacterial components on larval growth. Individual larval weights are 
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given in Table 5 in the Appendix. It is evident that the diet containing 
both spores and crystals was the most detrimental. A weight loss was 
recorded in the surviving larvae. Larval weights were not obtained on 
the 6th day following inoculation because there were no survivors. Lar­
val development was certainly retarded on the separate spore and crystal 
diets, with the former showing the greatest retardation of growth. No 
detrimental effects could be detected from the so-called "exotoxin" 
when compared to the control group. Wo larval mortalities were observed 
in the spore, crystal, or exotoxin diets. 
Pupation rates were recorded for each treatment and are shown in 
Table 1 and Figure 40. In all treatments, nearly 100 per cent pupated. 
Table 1. Accumulative per cent pupation of larvae fed diets containing 
B_. thurinqiensis components 
Age in days Treatments 
after hatching Control Exotoxin Spore Crystal 
16 6.3 17.1 —— —— 
19 78.2 88.5 — ' 14.8 
20 84.3 94.2 14.3 29.6 
21 93.9 28.6 55.5 
22 47.6 62.9 
23 57.1 77.7 
25 90.4 92.5 
26 95.2 
Maximum 93.9 94.2 95.2 92.5 
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The remaining larvae entered diapause. These data indicate that follow­
ing transfer from the inoculated diets to normal diets, larvae of each, 
of the respective treatments resumed normal development. Yamvrias (1962) 
reported this same phenomenon with kuhniella larvae that had been 
placed on a diet containing sub-lethal dosages of _B. thurinqiensis. 
Pupal weights given in Table 2 indicate that the period of retardation 
following inoculation did not affect the final pupal weights. 
Table 2. Pupal weights of larvae fed diets containing Bacillus 
thurinqiensis components 
Sex Control Spore Crystal Exotoxin 
mg. mg. mg. mg. 
Male 74.1 77.0 77.7 79.3 
Female 95.4 98.6 102.0 104.6 
Emergence rates for each of the respective treatments are given 
in Table 3 and diagrammed in Figure 41. Again the retardation of the 
spore and crystal groups equalled the treatment period. In the control, 
exotoxin, and the crystal diets, 100 per cent emergence was observed. 
This was not true for those larvae fed spore-containing diet. A 20 
per cent pupal mortality occurred in this group. The most feasible 
explanation for this mortality could be attributed to a septicemia by 
the vegetative rods. Wigglesworth (1953) indicated that the midgut 
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Table 3. Accumulative per cent emergence of larvae fed diets containing 
B_. thurinqiensis components 
Age in days Treatments 
after hatching Control Exotoxin Spore Crystal 
23 3.0 
24 19.4 39.4 — — 
25 80.7 87.9 8.0 
27 83.9 97.0 — — 20.0 
29 90.4 100.0 45.0 68.0 
30 93.5 50:0 80.0 
31 93.6 50.0 80.0 
32 93.5 50.0 80.0 
33 100.0 75.0 100.0 
34 80.0 
epithelial cells of most insects are released into the lumen at pupation. 
Beck et al. (1950) reported this for the Europeantcorn borer. This 
sloughing is essentially the same as that caused by the crystal in larval 
forms. The basement membrane is then exposed to enzymatic action by 
the vegetative rods. Death would result from a septicemia if the base­
ment membrane was ruptured. Supporting evidence for this theory was 
reported by Bucher (1963) who found that Streptococcus faecalis multi­
plied in the gut of Galleria mellonella during prepupal and pupal stages 
from a small proportion of the flora retained when the larva emptied the 
gut prior to spinning a cocoon. In contrast, Greenberg (1959) reported 
that sterilization of the gut accompanies metamorphosis in some Diptera. 
The data obtained from this portion of the investigation correlated 
with the histological findings indicate that both the spore and the 
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crystal are required for larval mortality in the European corn borer. 
It is possible that each component could cause mortality if administered 
in large quantities under adverse conditions for the host and over a 
sufficiently long period. The reported thermostable exotoxin does not 
appear to have any detrimental effect on development of the corn borer. 
Dosage mortality studies determined values for first, third, 
and fifth instar larvae. Results of these studies are given in J[able 4, 
Mortality curves are shown in Figure 42. These data indicate that newly 
hatched larvae are the most susceptible to B_. thurinqiensis. Bamrick 
(1960) found, that Apis mellifera larvae were most susceptible to B_. 
larvae during the first 2 days of larval life. Surges* also found that 
Galleria mellonella larvae were most susceptible to _B. thurinqiensis 
during the early instars. LD^g values for larvae 72 hours after inocula­
tion in the first instar would be less than 50 million spores per c.c. 
of diet (Figure 42). One hundred and fifty to 200 million spores per 
c.c. of diet are required to obtain this value for third and fifth 
instar larvae. It would be rather difficult to correlate these labora­
tory experiments for estimating dosage rates in field applications of 
spores. They do indicate that treatments should be applied when leaf 
feeding becomes evident. 
• *Burges, H. D., Pest Infestion Laboratory, Agricultural Research 
Council, Slough, Bucks, England. Private communication. 1965. 
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Table 4. Per cent mortality obtained from feeding four spore dosages 
of B_. thurinqiensis to the European corn borer. 200 larvae 
were used in each treatment 
Age Treatment Hours after inoculation 
inoculated XlOG spores . 24 . 48 72 
Newly hatched None 0 0 0 
50 1.0 26.5 68.5 
100 8.0 45.0 85.5 
150 12.0 54.0 89.5 
200 21.0 62.0 92.0 
5 days None 0 0 0.5 
50 1.0 4.5 15.5 
100 2.5 15.0 30.0 
150 3.5 25.0 50.0 
200 10.5 37.5 56.0 
10 days None 0.5 0.5 0.5 
50 8.0 16.0 28.0 
100 11.0 27.5 52.5 
150 15.0 35.0 56.5 
200 21.0 49.5 64.0 
Figure 1. Midgut epithelium of larva fed _B. thurinqiensis spores 
and crystals. Nuclei of the sloughed cells appear 
normal. (400X) 
Figure 2. General loosening of the midgut epithelium of a larva 
fed B_. thurinqiensis spores and crystals. (150X) 
Figure 3. A cluster of sloughed epithelial cells within the 
midgut lumen. These cells show no gross cytological 
changes when compared with normal tissues. (1500X) 
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Figure 4. Midgut of larva fed spores and crystals of 
thurinqiensis showing paralysis of the gut muscula­
ture and sloughing epithelial cells. (50X) 
Figure 5. . Midgut of larva fed the crystalline protein showing 
paralysis of the musculature. (160X) 
Figure 6. Midgut of larva fed the crystalline protein. Note 
the general loosening and sloughing of epithelial 
cells. (160X) 
Figure 7. Midgut of larva fed only spores of B_. thurinqiensis. 
Note the vacuolization of the midgut epithelium. 
(150X) 
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Figure 8. Sloughed epithelial cells within the midgut lumen 
showing considerable vacuolization and pyknotic 
nuclei. (160X) 
Figure 9. Epithelial cells being sloughed from the midgut 
wall. (1500X) 
Figure 10. Sloughed epithelial cells within the midgut' lumen. 
Several are undergoing autolysis. (1500X) 
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Figure 11. Midgut of corn borer larva infected with vegetative 
rods of _B. thurinqiensis. Some bacteria have rup­
tured the peritrophic membrane and are scattered 
throughout the lumen. (160X) 
Figure 12. Midgut of corn borer larva infected with 
thurinqiensis rods. No bacteria have penetrated 
the peritrophic membrane. (160X) 
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Figure 13. Sloughed midgut epithelial cells and vegetative 
^ rods within the peritrophic membrane. Note the 
thin epithelial layer containing vacuolized cells. 
(160X) 
Figure 14. Bacteria and remnants of sloughed midgut epithelial 
cells within the peritrophic membrane (pm). (4D0X) 
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Figure 15. Bacteria attacking the midgut epithelium, nearly 
reaching the basement membrane at several points. 
(160X) 
Figure 16. An opening in the midgut epithelium established 
by the vegetative rods. Note the oyknotic nuclei 
near the basement membrane (bm). Epithelial cells 
surrounding this area appear not to be grossly 
affected. (400X) 
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Figure 17. 
Figure 18. 
Figure 19. 
Reaction of European corn borer larva to IB. thurinqiensis spores and 
crystals. Note the posteriad progression of disease in the midgut. 
(60X) 
Enlarged portion of Figure 17 showing sloughed epithelial cells in 
the lumen and the bacteria aligned on the basement membrane. (400X) 
Midgut of untreated larva of identical age as Figure 17. (60X) 
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Figure 20. Cadaver fixed shortly after death. Bacteria have 
not decomposed all of the internal structures. 
Portions of the midgut are distinguishable. (60X) 
Figure 21. Cadaver filled with vegetative rods of B_. 
thurinqiensis. Nearly all internal structures 
have been decomposed. (150X) 
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Figure 22. Globular cytoplasmic extrusion of diseased larval 
midgut epithelium. (925X) 
Figure 23. Electron micrograph showing globular cytoplasmic 
extrusion. Potassium permanganate.stain. (4200X) 
Figure 24. Electron micrograph showing globular cytoplasmic 
extrusion. The plasma membrane is continuous. 
Potassium permanganate stain. (5500X) 
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Figures 25 and 26. Serial sections showing the protective cap de­
posited by the host over the focal point of 
bacterial attack. Only_portions of basement 
membrane (bm) remain intact as shown in Figure 
25. Figure 26 shows that the cap prevented 
the rods from entering the hemolymph. (160X) 
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Figures 27, 28, 29, and 30. Normal midgut epithelium of corn borer 
larvae 3, 5, 7, and 14 days old respec­
tively. (160X) 
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Figure 31. Electron micrograph showing ultrastructure of 
normal midgut epithelial cells near the striated 
border (SB). (l\l=nucleus). Uranyl acetate stain. 
(3300X) 
Figure 32. Ultrastructural co 
epithelial cells, 
goblet cell (GC). 
nstituents of normal midgut 
Note the microvilli in the 
Uranyl acetate stain. (4400X) 
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Figure 33. Ultrastructure of normal midgut epithelial cells 
near the basement membrane. Uranyl acetate stain. 
(3400X) 
Figure 34. Ultrastructure of normal midgut epithelial cells at 
the basement membrane (bm). Uranyl acetate stain. 
(4400X) 
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Figure 35. Electron micrograph of midgut epithelium of a diseased larva. The 
microvilli in the goblet cells have been disintegrated. Potassium 
permanganate stain. (4200X) 
Figure 36. Large goblet cell in the midgut of a diseased larva. Only portions 
of the microvilli remain intact. Uranyl acetate stain. (5700X) 
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Figure 37. Disruption of the microvilli in goblet cells of a 
diseased corn borer midgut epithelium. Potassium 
permanganate stain. (2100X) 
Figure 38. Disruption of the microvilli in goblet cells of a 
diseased corn borer midgut epithelium. Note the 
absence of lipid-like inclusions and endoplasmic 
reticulum seen in the normal tissues. Potassium 
permanganate stain. (4200X) 
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Figure 39. Growth rates of European corn borer larvae fed spore, 
crystal, spore plus crystal, or exotoxin between the 
sixth and twelfth day of larval development. 
Figure 40. Pupation rates of European corn borer larvae fed 
spores, crystals, or exotoxin of B_. thurinqiensis. 
Figure 41. Adult emergence rate of European corn borer fed 
spores, crystals, or exotoxin of B_. thurinqiensis 
as larvae. 
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Figure 42. Mortality rates of European corn borer larvae inocu­
lated with four different dosages -of B_. thuringiensis 
Berliner spores and crystals. 
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• ' SUMMARY 
A correlation of results from all phases of this investigation 
indicates that both the spore and the crystal of B_. thurinqiensis are 
required for obtaining larval mortality of the European corn borer. 
Histological evidence shows that the crystal acts upon the cell-
cementing substances of the midgut epithelium causing a general loosen­
ing and sloughing of cells in early stages of the disease. The crystal 
is also responsible for causing gut paralysis. 
Spores were able to germinate in the diet and were either ingested 
as vegetative rods or in the spore stage. Germination and replication 
occurred quite readily following the ingestion of these forms. Vegeta­
tive rods were observed within the midgut of larvae reared on a spore 
treated diet indicating that the presence of the crystal was not neces­
sary for vegetative survival. It is possible that germination did 
occur prior to ingestion. 
The peritrophic membrane was the first limiting barrier encountered 
by the vegetative rods. Following a breakdown of this structure, the 
rods attacked the remnants of the epithelium, particularly the basement 
membrane. 
Electron micrographs indicated that the general vacuolization ob­
served with the light microscope was a result of the disruption of the 
microvilli in the goblet cells. These micrographs also showed that 
cellular inclusions such as endoplasmic reticulum and lipid-like "bodies" 
were reduced or absent in the epithelium of diseased larvae. 
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The basement membrane was the last defensive barrier of the host. 
Upon disruption of this membrane, the bacteria and gut contents entered 
the hemolymph, immediately causing mortality. No living larvae were 
observed which contained vegetative rods within the hemolymph. 
Considerable variation was observed in degree and rate of infection. 
In most situations, the pathogen attacked the anterior portion of the 
midgut. Usually there was no specific focal point but a minority of 
the diseased larvae contained foci of infection. These could have re­
sulted from mechanical injuries to the gut wall. 
The pathogenicity of the spore, crystal, and exotoxin components of 
B_. thurinqiensis was examined. Growth rate and development studies 
indicated that both spore and crystal are necessary for larval mortality. 
Used separately, growth was retarded. The "exotoxin" of B_. thurinqiensis 
did not appear to affect 0_' nubilalis under the conditions of the tests. 
Dosage mortality studies showed that newly hatched larvae were most 
susceptible to B_. thurinqiensis. Five and 10-day-old larvae required 
nearly a three-fold dosage level to obtain comparable mortality. 
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APPENDIX 
Table 5. Larval weights, in milligrams, fed diets containing B_. thurinqiensis components 
T R E A T M E N T S  
CONTROL 
Age in days 
CRYSTAL 
Age in days 
12 12 
SPORE 
Age in days 
5 9 12 
SPORE & CRYSTAL 
Age in days 
6 9 12 
EXOTOXIN 
Age in days 
12 
1 .  2 . 9  1 1 . 0  4 7 . 5  7 . 7  1 4 . 7  2 7 . 3  9 . 4  1 0 . 5  m  9 . 7  7 . 0  D  7 . 3  2 7 . 5  6 0 . 4  
2 .  6 . 4  2 2 . 3  4 6 . 7  4 . 4  6 . 9  |Y| 8 . 6  9 . 5  1 1 . 1  6 . 8  D  1 0 . 1  4 1 . 1  8 6 . 1  
3 .  4 . 2  2 3 . 8  4 6 . 7  9 . 5  1 4 . 8  1 7 . 1  4 . 6  4 . 2  4 . 6  5 . 1  D  6 . 0  2 3 . 3  3 8 . 7  
4 .  5 . 0  2 3 . 5  |Y| 4 . 9  6 . 4  |Y| 7 . 8  8 . 4  m  7 . 9  6 . 2  D  8 . 7  2 7 . 6  5 0 . 7  
5 .  9 . 3  3 0 . 7  5 2 . 4  8 . 2  1 3 . 3  |Y| 4 . 0  4 . 8  8 . 0  2 . 5  D  1 0 . 0  4 0 . 1  5 6 . 7  
6 .  8 . 7  1 7 . 6  4 3 . 1  2 . 5  3 . 0  3 . 3  9 . 2  9 . 5  1 4 . 4  1 1 . 0  6 . 0  D  1 0 . 6  3 8 . 7  6 9 . 6  
7 .  5 . 0  1 6 . 8  4 5 . 7  6 . 8  m  m  1 0 . 5  1 1 . 7  •  m  9 . 0  D  1 1 . 1  3 2 . 3  5 7 . 8  
8 .  6 . 3  2 8 . 6  4 9 . 6  4 . 9  m |Y| 1 1 . 0  M  m  2 . 3  D  1 . 4  1 1 . 0  4 5 . 0  
9 .  7 . 1  1 6 . 8  3 4 . 5  6 . 7  1 0 . 1  2 0 . 3  1 0 . 7  1 2 . 0  1 4 . 7  3 . 5  D  6 . 1  2 1 . 3  4 7 . 6  
1 0 .  3 . 0  1 0 . 4  3 1 . 9  9 . 6  1 3 . 6  |Y1 1 0 . 3  1 0 . 3  1 2 . 0  8 . 6  D  3 . 4  1 3 . 1  4 0 . 3  
1 1 .  4 . 3  1 5 . 5  4 6 . 0  4 . 0  6 . 9  |Y1 1 1 . 3  |Y| m  4 . 6  D 1 0 . 2  2 4 . 8  7 0 . 1  
1 2 .  2 . 4  8 . 3  1 7 . 3  1 0 . 1  1 4 . 9  6 1 . 4  3 . 2  3 . 6  4.2 4 . 6  D 7 . 0  3 8 . 5  6 0 . 0  
13. 8 . 7  3 0 . 8  55.2 7 . 8  1 0 . 9  |Y| 1 0 . 2  m  m  5 . 9  D •  8 . 0  2 8 . 5  5 4 . 2  
1 4 .  5 . 9  1 2 . 5  |Y| 6 . 5  1 0 . 9  m  1 1 . 5  1 2 . 4  1 4 . 6  7 . 8  D 6 . 9  1 8 . 4  5 4 . 5  
1 5 .  5 . 4  .  1 2 . 1  m  3.0 5 . 0  m  5 . 6  |Y1 f ï l  9.9 D 1 2 . 6  |Y| m  
1 6 .  4 . 8  m  |Y| 6 . 8  8 . 6  |Y| 1 2 . 8  |Y| |Y1 1 1 . 0  D  3 . 6  9 . 8  3 0 . 6  
1 7 .  2 . 1  |Y| m  8 . 2  1 3 . 7  39.9 9 . 7  |Y| lïl 7 . 3  D 2 . 1  9.9 2 4 . 1  
1 8 .  3 . 3  |Y1 m  4 . 3  7 . 2  8 . 6  2 . 1  2 . 3  3 . 0  1 1 . 1  D 1 0 . 7  3 6 .  6  6 0 . 2  
1 9 .  2 . 4  |Y| |Y| 5 . 4  6 . 7  8 . 7  8 . 1  1 1 . 7  m  9 . 7  D 9 . 0  1 8 . 4  m  
2 0 .  2 . 3  1 3 . 3  4 1 . 5  1 0 . 6  1 1 . 8  1 4 . 2  4 . 1  4 . 4  (Y| 6 . 0  D  5 . 9  2 9 . 0  6 2 . 6  
2 1 .  1 0 . 0  3 6 . 0  6 1 . 0  3 . 9  6 . 3  8 . 1  3.2 2 . 8  4 . 6  7.3 D 8 . 2  33.8 6 1 . 0  
2 2 .  6 . 2  2 6 . 5  5 0 . 3  9 . 6  1 5 . 9  m 1 0 . 3  1 2 . 4  1 8 . 5  6 . 1  D 1 . 4  . m |Y| 
2 3 .  8 . 0  2 2 . 3  4 7 . 3  7 . 2  9 . 6  1 5 . 1  5 . 0  m |Y| 9.9 D 8 . 7  2 4 . 9  5 7 . 0  
2 4 .  5.2 1 6 . 4  5 7 . 0  9 . 0  m |Y| 8 . 1  1 2 . 7  1 9 . 7  9.9 D 1 . 0  7 . 9  M  
2 5 .  1 0 . 0  2 8 . 6  6 0 . 7  8 . 0  1 1 . 7  m 7 . 2  m |Y| 6 . 9  D 9 . 7  4 1 . 5  8 9 . 7  
2 6 .  5 . 7  1 8 . 6  m 4 . 4  6 . 1  6 . 6  7 . 2  1 0 . 0  |Y| 1 0 . 9  D 6 . 3  M  1*1 
Table 5. (Continued) 
.  :  T R E A T M E N T S  
CONTROL CRYSTAL SPORE SPORE & CRYSTAL EXOTOXIN 
Age in days Age in days Age in days Age in days Age in days 
. 6 9 12 6 9 12 6 9 12 6 9 12 6 9 12 
27. 5.7 21.7 42.0 14.2 19.6 34.1 11.3 15.8 |Y| 8.6 D 6.8 16.1 48.1 
28. 5.5 21.8 lYl 3.4 5.1 4.8 8.5 9.0 13.8 7.0 D 4.5 |Y| m  
29. 7.8 m |Y| 5.8 10.7 21.1 10.3 m |ïl 3.8 D 6.3 19.0 50.6 
30. 9.0 31.7 |Y1 9.8 11.9 14.1 10.3 11.3 13.3 10.0 6.6 D 6.3 20.0 m  
31. 5.6 19.2 45.8 6.5 10.0 15.0 3.1 m  |Y| 8.2 D 5.2 19.3 58.0 
3 2 .  8.8 |Y| m  7.6 8.8 13.0 8.1 |Y| m  • 6.6 3.9 D  7.0 27.8 52.1 
33. 4.0 11.0 35.2 5.2 7.0 |Y| 6.2 6.0 6.7 7.3 D 7.8 24.1 58.9 
34. 3,7 12.0 37.3 3.3 4.2 4.5 2.3 M m 3.6 D 9.9 35.1 85.6 
35. 6.0 |Y1 |Y1 10.6 15.8. |Y| 8.1 |Y1 m 4.1 D 8.6 31.5 62.2 
36. 2.3 7.0 30.0 7.4 |Y| M 12.2 12.5 16.8 7.6 D 2.5 12.2 41.7 
37. 2.0 9.3 (Ï1 10.0 14.0 29.0 5.3 5.3 6.4 5.1 D 5.8 25.4 60.2 
38. 3.6 12.5 39.4 8.3 M M 5.2 |Y1 m 9.0 D 10.1 3 4 . 1  64.3 
39. 5.2 |Y| M 6.9 10.2 12.6 10.0 m m 8.5 D 11.0 41.9 m 
40. 4.3 16.1 |Y| 7.4 |Y1 |Y| 9.0 8.2 9.7 8.2 6.0 D 4.6 11.4 [ïl 
41. 7.5 30.2 53.7 7.9 7.9 12.8 8.8 9.6 |Y| 6.8 D 6.1 m  m 
42. 6.3 28.8 54.4 13.8 ffl lYl 11.0 m m 5.6 D 7.6 M m  
43. 9.1 33.6 59.7 4.4 6.4 6.2 11.9 14.3 m  4.7 D 10.6 20.7 38.2 
44. 4.1 11.8 39.1 8.5 m  |Y| 7.7 7.5 m  8.7 D 11.1 32.6 75.4 
45. 8.0 M |Y| 3.4 5.2 8.6 10.7 m  m  8.5 D  7.7 29.9 55.3 
46. 9.1 25.7 47.1 1.5 2.1 m  8.6 9.5 11.8 10.4 D 11.9 36.8 m  
47. 12.3 38.3 67.2 7.4 11.3 24.8 8.9 9.6 15.9 8.0 D 5.2 23.8 M 
48. 5.9 12.6 31.0 8.2 8.6 10.3 8.9 m |Y) 7.8 D 3.0 M |Y| 
49. 9.3 28.6 49.0 8.2 13.8 23.5 9.5 13.3 18.8 11.0 D 3.5 12.4 35.8 
50. 3.4 12.8 m 10.1 15.4 m 8.4 m m 6. 4 5.1 D 5.1 23.5 |Y| 
AV. 5.8 20.2 45.8 7.1 9.9 17.2 8.2 9.2 11.6 7.4 5.8 7.1 25.5 56.1 
m=mold contamination 
D=dead larva 
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Glutaraldehyde fixative 
25^ glutaric dialdehyde 
Veronal acetate buffer 
Distilled water 
Adjust pH with 1 N HCl to 7.5 and bring total 
volume to 10 ml with distilled water. 
1 ml 
2 ml 
5 ml 
10 ml 
Methacrylate mixture 
N butyl methacrylate 
Ethyl methacrylate 
Benzoyl peroxide (catalyst) 
15 ml 
10 ml 
0.25 ml 
Staining procedures for electron microscopy 
A. Potassium permanganate 
1. 1 % KlYlnO in distilled water 
2. Distilled water 
3. 1 % citric acid in distilled water 
4. Distilled water 
1 hour 
30 seconds 
60 seconds 
30 seconds 
B. Uranyl acetate 
1 .  
2 .  
3. 
4. 
1 % uranyl acetate in distilled water 
Distilled water 
1 % citric acid in distilled water 
Distilled water 
1 hour 
30 seconds 
60 seconds 
30 seconds 
